Degradation of concrete caused by the formation of secondary hydrous sulfate minerals (e.g. thaumasite, ettringite and gypsum)
Introduction
Deterioration due to aggressive aqueous environments acts as a major threat for the durability of concrete structures [1, 2] . One example is the thaumasite form of sulfate attack (TSA) which preferentially occurs in wet, highly sulfate-loaded and cold (<15 °C) environments such as in underground structures. Despite the fact that the destructive nature of TSA is well known, reaction paths and mechanisms that may lead to a total destruction of concrete structures are still poorly understood [3] [4] [5] [6] [7] [8] . The aim of this study is to contribute to a deeper understanding of TSA based concrete deterioration by introducing a novel approach in the use of O and H stable isotopes.
In a recent study of Austrian tunnels, concrete damage was identified as a consequence of TSA (see Fig. 1 ) [9, 10] . Even though the groundwater in the tunnels contained relatively low concentration of sulfate (3 to 545 mg L -1 ) and was thus regarded as only slightly aggressive to concrete in accordance to standard specifications (e.g. DIN EN 206-1) [11] , concrete was completely destroyed in some areas (see Fig. 1b) . Surprisingly, the concentrations of dissolved anions in expressed interstitial solutions from damaged concrete material were extremely high (e.g. 30000 and 12000 mg l -1 of SO 4 and Cl, respectively). Appling a multiproxy approach combining mineralogical, hydro-and isotope-geochemical methods revealed that a highly dynamic system of drying and wetting cycles was responsible for the severe concrete damage. Ultimately groundwater evaporation has led to a massive increase of the SO 4 concentration that has triggered the formation of deleterious mineral phases [9] .
For this study the above-described damaged concrete material was used. The novel approach of this study consists in the specific extraction of crystal-bonded water to analyse its O and H isotopic signature. This structural water is expected to provide more reliable information with respect to the formation conditions of thaumasite and gypsum than the un-bonded exchangeable water. This knowledge is strongly needed as laboratory performance tests
are not yet capable of mimicking actual field conditions. 
Methods
Samples were dried at 40 °C over silica drying agent under vacuum for 72 h. Subsequently samples were placed into Pyrex tubes, and pumped to vacuum and heated to 250 °C for 15 min (~5 mg gypsum and ~3 mg of thaumasite and ettringite samples). From samples The cumulative evolved H 2 O (released at 250°C) was collected by vacuum distillation and transferred into the chamber of a liquid water isotope analyzer (LWIA) manufactured by Los Gatos Research Ltd (LWIA-24d). δ 2 H and δ 18 O values were determined simultaneously and expressed relative to V-SMOW standard in ‰. Standardization was conducted using international and laboratory standard water samples. Average reproducibility of H 2 O content, H and O isotope analyses are +/-0.8 wt.%, 1.5 and 0.4 ‰, respectively. Chemical composition of groundwater, drainage water and expressed interstitial solutions from damaged concrete were analyzed according to [9] .
To verify the validity of our crystal water extraction method four gypsum (CaSO 4 •2H 2 O) and one ettringite (Ca 6 Al 2 (SO 4 ) 3 (OH) 12 •26H 2 O) standards were synthesized in the laboratory at 20°C and measured as described a b
above. For gypsum syntheses were done using four experimental solutions with different isotopic signatures (-115.7 to -9.5 for δ
18
O and -324.7 to 447.1 for δ 2 H, V-SMOW). Thaumasite could not be directly precipitated from aqueous solution [12] . However thaumasite was extracted from degraded concrete bars which were immersed for 4 years at 5°C in solution saturated with respect to gypsum in the laboratory [10, 13] . X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM) were used to investigate damaged concrete material and synthesised standards before and after the crystal water extraction.
Results and Discussion
Heavily damaged concrete from the tunnels consisted mainly of thaumasite, secondary calcite, gypsum, and relicts of aggregates. After an enrichment procedure a thaumasite content of > 75 wt.% was reached [10] . Synthesized ettringite contained small amounts of calcite while synthesized gypsum was pure. Thaumasite from laboratory experiments also contained small amounts of ettringite, gypsum and calcite.
Our results indicated that the methodology used in this study is highly promising to trace the isotopic composition of the water during the precipitation of the respective hydrous sulfate mineral. A possible effect of unbonded water (e.g. moisture) cannot be completely ruled out. However the effect is believed to be small or negligible as thaumasite and ettringite contain up to 45 wt. % of structurally bonded water.
The fractionation factors (α H2O(s)-H2O(aq) ) for gypsum, which were derived from 4 isotopically different solutions, were 1 H for thaumasite. Further analyses will be needed to confirm and refine these fractionation factors.
In Figure 2 the average δ-values from 18 groundwater samples and local precipitation, and δ-values of 25 interstitial solutions from damaged concrete are plotted. The local meteoric water line as well as the average precipitation value are derived from monthly measurements (n=415) recorded at the nearby ANIP (Austrian Network of Isotopes in Precipitation and Surface Waters [15] ) station. The interstitial solutions display a clear evaporation trend. Previously the relative humidity and the degree of evaporation were calculated from the isotopic signatures from these solutions to be 85% and up to 40%, respectively (for more details see [9] ). . Because the crystal water from all studied thaumasite samples displays heavier isotope signature and scatters around the theoretical evaporative thaumasite line it is very likely that thaumasite formation occurred under evaporative conditions. This means that TSA occurred as a consequence of evaporation processes leading to the formation of highly concentrated SO 4 solutions (5000 up to 30000 mg L -1 ) as currently found in the interstitial solutions.
Conclusions
The following major conclusions are given from the present study:
The used experimental setup was capable of producing reliable results for crystal water in hydrous sulfate minerals such as gypsum. For the first time α H2O(s)-H2O(aq) -fractionation coefficients for the hydrous sulfate minerals ettringite and thaumasite are proposed. However further investigation on purer solid phases is required to confirm the proposed values Concrete damage related to the thaumasite form of sulfate attack occurred in highly concentrated interstitial solutions which were generated by evaporation. This is supported by the isotopic signature of crystal-bonded water in thaumasite extracts from damaged concrete material. A multiproxy approach including stable isotopes can be used to dig deeper and understand the complex degradation mechanisms of concrete.
